Phase equilibria in the Fe-Si binary system were investigated experimentally and thermodynamic assessment was carried out. The αFe (A2) + α"Fe3Si (D03) two-phase microstructures at 600°C and 650°C were obtained, whose grain sizes were sufficiently coarsened to be analyzed by FE-EPMA with a spatial resolution below 0.5 μm under the condition of 6 kV accelerating voltage. α'FeSi (B2) + α"Fe3Si (D03) twophase equilibria above 700°C were detected for the first time and equilibrium compositions were determined by the diffusion couple method. The horn-shaped two-phase miscibility gap extends from the low temperature αFe + α"Fe3Si equilibrium along the B2/D03 second-order transition boundary and closes below 1 000°C. Four-sublattice split compound energy formalism was applied to calculate the Gibbs energy of the bcc phases, A2(αFe), B2(α'FeSi) and D03(α"Fe3Si), and the thermodynamic parameters in the Fe-Si binary system were evaluated. Equilibrium relations in the binary system were well reproduced, especially the effect of the B2 and D03 ordering on the liquidus and solidus curves and the miscibility gap between bcc phases. Optimized thermodynamic parameters as well as the experimental results are expected to be helpful for developing higher multi-component systems for practical steels.
Introduction
Silicon is one of the indispensable alloying elements of the latest high-performance steels, such as TRIP steels, etc., as well as of advanced magnetic materials. To study and develop such practical materials, phase diagrams and thermodynamic properties of Fe-Si base alloys are helpful and the calculation of phase diagrams (CALPHAD) technique has been widely applied not only theoretically but also in the industrial world. Therefore, thermodynamic parameters of the Fe-Si system with high accuracy as well as appropriate thermodynamic models to calculate the Gibbs energy of component phases are required. Figure 1(a) shows a phase diagram of the Fe-Si binary system assessed by Kubaschewski, 1) which consists of liquid, γFe (A1), αFe (A2), α'FeSi (B2), α"Fe3Si (D03) and some intermetallic compound phases. Si stabilizes the αFe (A2) to form a γloop and causes two-step ordering from A2 to B2 and to D03 configurations as shown in Fig. 2 , with a Gibbs energy gain due to each ordering reaction. A miscibility gap between the Fig. 1 . Phase diagrams of the Fe-Si binary system assessed by Kubaschewski. 1) © 2012 ISIJ B2 and D03 phases just inside the B2/D03 second-order boundary at low temperatures below 700°C was reported by Schlatte et al., 2) and the theoretical calculations by Inden and co-researchers proved its validity. [3] [4] [5] [6] [7] In contrast to the calculations, however, the shape of the miscibility gap, which closes with a helmet-like top around 700°C, seems to be quite strange and further investigations are required at higher temperatures. Thermodynamic calculations of the Fe-Si systems were carried out by Lacaze and Sundman. 8) Results of their calculations are shown in Figs. 3(a) and 3(b) , in which there are still some debatable points. As shown in Fig. 3(a) , the calculation of the ordering of the bcc phase is limited to the B2 structure, in which not only the D03 ordering but also the miscibility gap between the bcc phases cannot be taken into account. In addition, an anomalous miscibility gap with a lower critical solution temperature in liquid phase appeared due to the inappropriate thermodynamic parameters of the liquid. Theoretical calculations of the bcc ordering and semi-empirical calculations of the whole phase diagram of the Fe-Si system were carried out by Inden et al. 3, 6) and Lee et al., 9) respectively. Even though both calculations are quite sophisticated to describe the D03 configurations, the thermodynamic models of their calculations were inadequate for extending practical multicomponent systems. Taking into account the present situation as mentioned above, the purpose of this study was to determine the miscibility gap between bcc phases precisely and to complete practical and thorough thermodynamic assessment, including D03 ordering in the Fe-Si binary system.
Experimental Procedures

Equilibria in Two-phase Alloys
Fe-Si binary alloys were prepared by induction melting from electrolytic Fe (99.95%) and high-purity Si (99.999%) under an Ar atmosphere. Obtained ingots were hot rolled at 1 100°C to a thickness of 2 mm. The rolled plates were then heat-treated at 1 100°C for 10 min for homogenization and quenched in iced water. After oxidized scale on the surface of quenched plates was removed by mechanical grinding, small pieces of samples were cut from the plates, mechanically polished, and cleaned in methanol by an ultrasonic washer. Each sample was sealed in an evacuated quartz capsule and heat-treated under the conditions shown in Table 1 for equilibration. Quenched samples were mounted in conductive resin, polished by wet polishing and finished by a vibratory polisher (Buehler: VibroMet 2) for 8 hours with 0.03 μm Al2O3 suspension. The microstructure of the heat- samples exhibiting a two-phase microstructure after heat treatment, equilibrium compositions were determined by the FE-EMPA with an accelerating voltage of 6 kV, under which condition the spatial resolution of the micro-probe analysis can be controlled below approximately 0.5 μm. Intensity of the characteristic X-rays of the Kα of Si and Lα of Fe was measured because the Kα of Fe is hardly exited by 6 kV acceleration. Homogenized 13 at.% Si alloy, composition of which was confirmed by weighing the raw materials and the obtained ingot before and after melting, was utilized as a standard sample for the ZAF calibration.
Diffusion Couple Method
Six millimeter cubic samples were cut from induction melted ingots. Pairs of cubic samples with the different compositions listed in Table 2 and shown in Fig. 4 were prepared by mechanical polishing and cleaning in the same way as above. Especially, one side of each cube was thoroughly polished to obtain a flat surface for pressure bonding. As shown in Fig. 5 , two cubes were stacked, wrapped with a Mo sheet, and tied with two nichrome wires. The tip of a Pt-PtRh thermo-couple was bonded on a cube by electric resistance welding. Then, the pairs of cubes were pressed together by a thermo-mechanical process simulator (Fuji Electronic Ind.: Thermec-Master Z) and diffusionbonded under pressure of 10 Pa at 950°C for 1 hour. After being ground, polished and cleaned, the prepared diffusion couples were sealed in evacuated quartz capsules and heattreated under the conditions listed in Table 2 . Both micro-structure examinations and composition analyses across inter-phase boundaries were carried out by the FE-EPMA in the same condition as with the two-phase alloys. Steps of the line analysis were 1 μm across the inter-phase boundaries, 10 μm far from the boundaries and 2 or 5 μm in between them. Figure 6 shows back-scattered electron (BSE) images of (a) 13.5 at.% Si alloy heat-treated at 650°C for 180 h and (b) 13 at.% Si alloy heat-treated at 600°C for 1 500 h. During the heat treatment in the former sample, spinodal decomposition occurred inside former αFe grains to form a fine lamellae microstructure. On the other hand, along grain boundaries, coarse grains of two phases precipitated, the size of which was large enough to be analyzed by the FE-EPMA quantitatively. As shown in Fig. 6 (b), even after a long period of heat-treatment for 1 500 h at 600°C, the lamellae microstructure was too fine to be analyzed by the FE-EPMA. However, further prolongation of heat-treatment to 2 500 h caused Ostwald ripening of the fine lamellae up to 1 μm square or more, as shown in Fig. 6 (c). Equilibrium compositions at 600°C and 650°C were then measured. The microstructure after heat treatment at 700, 800 and 900°C did not exhibit decomposition, i.e., their single phase microstructures before the heat treatment remained as they had been. Obtained results are summarized in Table 1 and plotted in Fig. 7 . Atomic configurations of the obtained two phases were identified by electron diffraction. 8(c), as well as the microstructure without anti-phase domain boundaries (APBs) suggest that the bright phase corresponds to the D03 ordered α"Fe3Si phase at 600°C. On the other hand, the super lattice reflection, (100)B2 in Fig.  8 (b) seems to be diffuse, which indicates that the A2 disordered phase at 600°C might be ordered to the B2 configuration during quenching. Further discussions will be made based on the obtained phase diagrams in section 5. Figure 9 (a) shows a BSE image of a 8 Si/23 Si (at.%) diffusion couple heat-treated at 700°C for 840 h across an inter-phase boundary. In addition to some grain boundaries, which can be distinguished due to the channeling effect, an obvious immiscible boundary could be confirmed as indicated by an arrow. Figure 9 (b) shows a composition profile of Si across the boundary, which clearly exhibits a miscibility gap between the B2 and D03 bcc phases. Each composition profile was extrapolated to the inter-phase boundary and the equilibrium compositions were determined to be 12.0 and 14.4 at.% Si for the B2 and D03 phases, respectively. According to the phase diagram shown in Fig. 7 , the A2/B2 boundary at 700°C is located at about 11.7 at.% Si, which suggests that the B2 phase is equilibrated with the D03 phase, although its thickness is estimated to be 1 μm or less. Therefore, the A2/B2 boundary could not be distinguished in the micrograph and composition profile in Fig.  9 . In addition, the extrapolation of the composition profile in the A2 phase was made instead of that in the B2 phase because of its unrecognizable thickness, which might cause the underestimation of the Si content in the B2 phase equilibrates with the D03 phase as the slope of the profile in the B2 phase is steeper than that in the A2 phase as shown in Fig. 10(b) . However, the difference between extrapolated values from the A2 and B2 phases can be considered to be small because the thickness of the B2 phase is unrecognizably thin. Therefore, the obtained value, 12.0 at.% Si, extrapolated from the A2 phase was accepted as the equilibrium composition of the B2 phase. Figure 10 (a) shows a BSE image of a 8Si/23Si (at.%) diffusion couple heat-treated at 800°C for 336 h. The observed difference in contrast of the image corresponds not to composition difference, usually seen in the BSE images, but to the channeling effect due to grain orientation. According to the result of composition analysis shown in Fig. 10 (b), two kinds of inter-phase boundaries were identified. One is the miscibility gap between the B2 and D03 phases and the other corresponds to the A2/B2 second-order transition boundary. At the latter boundary, an abrupt change of the slope of the profile without composition difference, so-called "singular point," appeared. This was caused by the difference of the interdiffusion coefficient due to a step of the thermodynamic factors between different ordered structures. 10, 11) The equi-librium compositions were then determined to be 15.1 and 15.8 at.% Si for the B2 and D03 phases, respectively, and the transition composition from A2 to B2 was determined to be 12.5 at.% Si as shown in Fig. 10 Table 2 and plotted in Fig. 7 .
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Pure Elements and Intermetallic Compound Phases
The Gibbs energies of the stable and metastable structures for the pure elements are taken from the SGTE database compiled by Dinsdale. 12) In the Fe-Si system, three disordered solution phases, the liquid, α (A2) and γ (A1), two ordered bcc phases, α'FeSi (B2) and α"Fe3Si (D03), five FeSi (B20), αFeSi2 and βFeSi2, and Si (A4) are considered to constitute the equilibrium phases. Si was considered to have no solubility of Fe. All the IMC phases were assumed to be stoichiometric compounds without solubility range. Then, the Gibbs energy of these IMC phases were described as .... (1) where is the Gibbs energy of formation per mole of atoms of the The Gibbs energy descriptions of the other five solution phases are given below and evaluated thermodynamic parameters are listed in Table 3 . All the evaluations and calculations were carried out using Thermo-Calc software. 13) 
Disordered Solution Phases
The liquid, γ (A1) and α (A2) phases are modeled as substitutional solutions and the Gibbs energy without the magnetic contribution is described by the sub-regular solution approximation. , which was originally suggested by Inden and modified by Hillert and Jarl, is appended in the fcc phase and bcc phases, A2, B2 and D03. Thermo-chemical properties of disordered solution phases [14] [15] [16] [17] [18] and other phase boundaries, liquidus and solidus, 19, 20) γ-loop, 21, 22) and IMC phases 23, 24) were also taken into account to evaluate the thermodynamic parameters shown in Eqs. (2) and (4).
Ordering Contributions to the Gibbs Energy
After the Gibbs energy parameters of a disordered bcc phase, , described in the regular solution approximation, are evaluated, the ordering contribution due to the B2 structure is implemented by the split compound energy formalism (s-CEF) 25 A unified formula can then be applied to describe the Gibbs energies of both A2 and B2 in the s-CEF as follows: Table 3 . Thermodynamic and magnetic parameters of the Fe-Si system evaluated in this study. Lattice stabilities of pure elements are taken from reference 12) where s and t represent either the Fe or the Si atom.
Four-sublattice Description
The four-sublattice description is applied to supplement the ordering contributions of the D03 and B32 structures to the Gibbs energy of the less ordered phases. Two-sublattice parameters shown in Eqs. (6.1)-(6.3) were converted to equivalent four-sublattice parameters by substituting and , and the parameters of the D03 ordering contribution, and , and those of the B32 structure were supplemented so that these contributions disappear in the B2 configuration where and as follows: where s, t, v and w represent either the Fe or the Si atom and represents the site fraction of an element s on the n-th sublattice. Parameters of the Curie temperature and the magnetic moment can also be formulated in s-CEF, which consists of the disordered component and the four-sublattice ordering contribution in the same way as with the Gibbs energy. The deviations of the Curie temperature and the magnetic moment due to the B2 ordering from those of the A2 structure were taken into account by introducing and , and and , which correspond to and in the above equations, respectively. The deviations of those magnetic properties of two kinds of D03 structures from those of the B2 structure can be also introduced by , , and , which also correspond to and . The magnetic contribution to the Gibbs energy is given as a function of temperature, the Curie temperature and the magnetic moment of an alloy, and in the ordinary model, both the Curie temperature and the magnetic moment are formulated as functions of the composition of alloy. Therefore, once a composition and a temperature are given, the magnetic contribution to the Gibbs energy can be calculated uniquely. On the contrary, the Curie temperature and the magnetic moment, which are described in the four-sublattice description in the present study, depend not only on the composition but also on the degree of ordering in the case of and . This means that varies depending on the degree of ordering even in the same composition. As a result, the interaction between the chemical and the magnetic ordering occurs.
Assessment of Parameters of the Ordering Contribution
Since parameters of the A2 structure described in the regular solution approximation have already been determined, the other parameters of the ordering contributions of α'FeSi (B2) and α"Fe3Si (D03) compounds,   , , , , and , need to be evaluated based on the experimental results and data in the literature. Other ordering contributions due to Fe2Si2 (B32) and FeSi3 (D03) were assumed to be 0 because no information on the stability of these phases is available. and were evaluated to reproduce the phase diagram shown in Fig. 7 and other experimental data. The effect of B2 and D03 ordering on the Curie temperature of the bcc phase was evaluated experimentally as shown in Fig. 12 , in which solid circles and double circles represent the Curie temperatures of the stable (D03) and meta-stable (A2 & B2) configurations, respectively. The Curie temperatures of the A2, , and B2, , of the Fe-16%Si and -24%Si (at.%) alloys, in which the A2 and B2 are meta-stable at each condition, were estimated by extrapolating the and of the Fe-Co-Si ternary alloys to these binary Fe-Si alloys. 26) and were evaluated to reproduce the devia-tions of the Curie temperature shown in Fig. 12 . and were also taken into account by assuming these values deviate by the same ratio as the Curie temperatures. All these parameters are summarized in Table 3 . Figure 13 shows calculated phase diagrams of the Fe-Si binary system, in which not only the B2 but also the D03 ordered structures were taken into account. Abnormal miscibility gap in the liquid phase at high temperatures, which was obtained in the previous thermodynamic assessment, 8) disappears by optimizing the parameters of liquid appropriately. At high temperatures, both the A2/B2 and B2/D03 second-order boundaries meet the solidus curve. The slopes of the solidus as well as liquidus curves then change gradually. Such an anomalous shift of the equilibrium compositions is also confirmed in the experimental phase diagram shown in Fig. 1 , which is caused by the ordering contributions due to the B2 and D03 structures and explained quantitatively by thermodynamic calculations.
Discussions on Miscibility Gap between Bcc Phases
The miscibility gap between bcc phases in the Fe-Si binary system was determined by two-phase alloys below 650°C and diffusion couples above 700°C. As listed in Tables 1 and 2, even though the 15.5 and 17. at.%Si alloys heat-treated at 700°C and 800°C, respectively, are located with in the B2 + D03 two-phase region determined by the diffusion couple method, no two-phase structure could be obtained. It was suggested by Schlatte and Pitsch 7) that the driving force for the precipitation of the second phase in this B2 + D03 equilibrium is quite small, especially at higher temperatures, which might cause the retardation of the decomposition between the B2 and D03 phases at these temperatures. In the diffusion couple method, an inter-phase boundary with a composition difference exists since two alloys were initially bonded. Therefore, the decomposition reaction during the heat treatment is not necessarily inevitable. According to the result of the electron diffraction shown in Fig. 8 , the obtained two phases were identified to be the B2 and D03 super-lattice structures. However, the experimental and calculated phase diagrams shown in Figs. 7 and 13(b) , respectively, suggest that the A2/B2 transition boundary meets the B2 + D03 miscibility gap just below 700°C. The two-phase equilibrium then changes to the A2 + D03 one below that temperature. Therefore, the observed super-lattice reflection of the (100)B2 shown in Fig. 8 (b) seems to be caused by the B2 configuration ordered during quenching of the A2 + D03 two-phase alloy.
Conclusion
The miscibility gaps between bcc phases, αFe (A2) + α"Fe3Si (D03) at 600°C and 650°C, and α'FeSi (B2) + α"Fe3Si (D03) at 700°C, 800°C and 900°C were determined by two-phase alloys and diffusion couples, respectively, by FE-EPMA, whose spatial resolution of quantitative analysis is less than 0.5 μm at an accelerating voltage of 6 kV. Contrary to the existing phase diagram, the horn-shaped B2 + D03 two-phase region extends above 700°C along the B2/ D03 second-order transition boundary and closes below 1 000°C, equilibrium relations of which are consistent with the conventional BWG calculation. The A2/B2 and B2/D03 second-order transition boundary was also determined from the singular points of the diffusion couples, which agree well with the reported phase diagram. Four-sublattice split compound energy formalism (s-CEF) was applied to calculate the Gibbs energy of the bcc phases, αFe (A2), α'FeSi (B2) and α"Fe3Si (D03) and completely new thermodynamic parameters of the Fe-Si binary system were evaluated. Equilibrium relations in the binary system were well reproduced, especially the effect of the B2 and D03 ordering on the liquidus and solidus curves and the miscibility gaps between bcc phases.
